In order to clarify the functional role of the supplementary motor area (SMA) and its rostral part (pre-SMA) in relation to the rate of repetitive finger movements, we recorded movement-related cortical potentials (MRCPs) directly from the surface of the mesial frontal lobe by using subdural electrode grids implanted in four patients with intractable partial epilepsy. Two subregions in the SMA were identified based on the anatomical location and the different response to cortical stimulation. In three of the four subjects, we also recorded MRCPs from the surface of the lateral convexity covering the primary sensorimotor areas (SI-MI), which were defined by cortical stimulation and SEP recording. The subjects extended the middle finger or opposed the thumb against other fingers of the same hand at a self-paced rate of 0.2 Hz (slow) and 2 Hz (rapid), each in separate sessions. As a result, preand postmovement potentials were clearly seen at the SI-MI in both slow-and rapid-rate movements. By contrast, in the SMA, especially in the pre-SMA, premovement potentials were not seen and postmovement potentials were seldom seen in the rapid rate movement. In the slow-rate condition, pre-and postmovement potentials were clearly seen in both the pre-SMA and the SMA proper. In conclusion, the SMA, especially the pre-SMA, is less activated electrophysiologically in the rapid-rate movements, while the SI-MI remains active regardless of the movement rate.
Introduction
Since Kornhuber and Deecke (1965) identified cerebral potentials preceding voluntary movement by using backaveraging techniques (Kornhuber and Deecke 1965) , studies of movement-related cortical potentials (MRCPs) have mostly employed self-paced, isolated movements with a preparatory period of as long as several seconds (Shibasaki et al. 1980; Toro et al. 1993) . Previous studies of MRCPs employing the slow repetition rate (less than 0.2 Hz) revealed activities over the supplementary motor area (SMA) and the primary sensorimotor areas (SI-MI) that start 2-3 s preceding the onset of finger movement, while a close temporal relationship between the SMA and MI was demonstrated (Shibasaki et al. 1980; Eccles 1982) . Deecke (1990) indicated that the SMA might have motivational, intentional, or timing properties. However, these results and suggestions are concerned only with isolated, self-paced movements performed at a slow rate. The movements adopted in such an experimental design are not natural in our daily behaviors. Especially for the patients with various movement disorders, it is difficult to keep the level of performance throughout the long recording period.
Recently it has been reported that repetitive finger movements at a rate of 2 Hz are associated with characteristic changes in averaged waveforms (steady state MRCPs; Gerloff et al. 1997 Gerloff et al. , 1998 . These authors emphasize that the main advantage of this method is a short recording time, which enables subjects to maintain their performance level throughout the recording period. Some studies, by using the conventional Bereitschaftspotential paradigm and by recording MRCPs from subdural electrodes, have disclosed that both SMA and SI-MI generate MRCPs (Ikeda et al. 1992 . In the present study, therefore, in order to clarify the functional difference between the SMA and SI-MI in relation to the rate of self-paced repetitive movements, we applied this new methodology of steady state MRCPs to the subdural recording in patients with intractable partial epilepsy.
Materials and methods

Subjects
We studied four right-handed patients (two men and two women) with medically intractable partial seizures, whose age ranged between 18 and 52 years (mean of 31 years; Table 1 ). All of them had a localized, increased signal abnormality, identified by T2-weighted magnetic resonance imaging (MRI) of the brain, which was later confirmed by surgery. All these patients were clinically evaluated for epilepsy surgery by using subdural electrodes. Other neurophysiological findings of the present patients have been reported elsewhere for entirely different purposes (Yazawa et al. 1997 (Yazawa et al. , 1998 Ikeda et al. 1999a Ikeda et al. , 1999b .
The cortical electrical potentials were recorded by using platinum electrodes (Ad-Tech, USA), which were arranged on grid or strip and chronically implanted in the subdural space. Each electrode, 3 mm in diameter, was placed with its center 1 cm apart from that of the neighboring ones. It enabled us not only to identify the epileptogenic area but also to obtain functional mapping by electrical cortical stimulation and by recording somatosensory evoked potentials (SEPs) (Hahn and Ltiders 1987) .
The electrode grids and strips were placed around the rolandic fissure and on the medial aspect of the same hemisphere, respectively, in patients 24, and the four strips were placed on the mesial frontal cortex in patient 1. Anatomical location of these electrodes was determined as described in the section Cortical mapping. Informed consent was obtained from all patients after the purpose and possible consequences of these studies were fully explained, according to the Clinical Research Protocol No. 79, approved by the Committee of Medical Ethics, Graduate School of Medicine and Faculty of Medicine, Kyoto University.
Cortical mapping
Patient 1 had four strips of lx4 electrodes on the right mesial frontal cortex (Fig. 1) . Patient 2 had one 2x7 electrode grid on the right mesial frontal cortex, one 4x5 grid on the right lateral frontal cortex, and another 4x5 grid on the right perirolandic area ( Fig. 2A) . Patient 3 had one 2x8 electrode grid on the left mesial frontoparietal cortex, two 4x5 grids on the left perirolandic area, and one 2x8 grid on the left parieto-occipital cortex (Fig. 3) . Patient 4 had one 2×8 grid on the left mesial frontal cortex and one 4×5 grid on the left lateral frontal cortex (Fig. 4A) .
For the functional mapping of cortical areas, electrical cortical stimulation and recording of SEPs were done during the 1 week of monitoring. Each subdural electrode was individually stimulated to identify cortical function (Ltiders et al. 1987) . Details of the methodology for stimulation and subsequent cortical mapping have been described elsewhere (Ikeda et al. 1992) .
As for the identification of primary somatosensory area (SI) and primary motor area (MI), if the electrodes placed around the rolandic fissure showed an N20 response to electrical stimulation of the contralateral median nerve at the wrist and/or if those electrodes induced sensory symptoms when electrically stimulated, then they were judged to be on the SI. The MI was defined by the positive motor response elicited by electrical stimulation in accordance with the somatotopic representation. Electric stimulation caused two different kinds of motor responses, depending on the location within the motor cortices: positive and negative. A positive motor response was recognized as a clonic or tonic muscle contraction. By contrast, a negative motor response was defined as a cessation of voluntary tonic muscle contraction or interruption of rapid alternating movements without loss of awareness.
In the present study, SMA proper was identified by its unique response to stimulation of the mesial frontal cortex, consisting of predominantly tonic motor response of the upper as well as the lower limbs, either unilaterally or bilaterally, and of the trunk, neck, and face. These motor responses were somatotopically organized within the SMA proper (Lira et al. 1994) . If the electrodes located posterior to the vertical anterior commissural (VAC) line on the mesial surface of the superior frontal gyms did not elicit a negative motor response upon electrical stimulation, then those electrodes were judged to be on the SMA proper.
Based on the atlas of Talairach and Tournoux (Talairacb and Tournoux 1988) and on the histological analysis in human SMA (Zilles et al. 1996) , pre-SMA was defined by its anatomical position, which was located on the mesial surface of the superior frontal gyrus just anterior to the VAC line. In order to determine the anatomical location of the VAC line, we used the plain lateral view of skull X-ray film and the sagittal view of Tl-weighted MR images obtained before surgery. The former was superimposed on the latter by using common landmarks, i.e., nasion and inion (Ikeda et al. 1995b (Ikeda et al. , 1996 . If the electrodes placed on the mesial surface of the frontal cortex showed a negative motor response to electrical stimulation, they were also judged to be on the pre-SMA regardless of their relative location to the VAC line. On the other hand, those electrodes that elicited a positive motor response by stimulation were excluded from the pre-SMA. This classification of pre-SMA, SMA proper, and SI-MI was adopted in our previous study (Ikeda et al. 1999b ). 2.0Hz 50/x V -300 0 +200 ms
Motor tasks
All four patients underwent electroencephalographic (EEG) recording for the focus detection and functional mapping, including the present study, in the hospital room after the electrode implantation. For the present study, the subjects were laid comfortably on a bed in supine or lateral recumbent position, with the contralateral arm (with respect to the implanted electrodes) relaxed and resting on a pillow. They were asked to repeat brisk extension of the middle finger (patient 4) or opposition of the thumb (patients 1 and 3), or both in separate recording sessions (patient 2). Two different repetition rates were adopted for all the movements; i.e., 0.2 Hz and 2.0 Hz. For the rate of 0.2 Hz, each movement was performed at a self-paced rate of every 5 s, which was similar to the conventional MRCP paradigm (slow). For the rate of 2.0 Hz, Table 2 Mean amplitudes of slow potentials among electrodes, at which these potentials were recognized, in each subject (in microvolts) Premovement, measured from the baseline at the EMG on-set; Postmovement, measured at the maximal peak after the EMG onset (Slow repetition rate of 0. Table 3 Number of electrodes that showed movement-related potential shift/number of electrodes studied, in each area for each subject 
9/9
1/9 9/9 4/9 6/6 6/6 12/13 12/13 discrete movements were performed at a self-paced rate of twice each second (rapid). Before data acquisition, the subjects were trained so that they could move the fingers briskly and regularly at both the slow and the rapid rates. Initially we applied middle finger extension at both slow and rapid rates to all four subjects. However, because it was too difficult for three subjects (patients 1-3) to extend their middle finger rhythmically at rapid rate, we employed thumb abduction instead for both rapid and slow-rate tasks in patients 1 and 3, and only for the rapid-rate task in patient 2. The motor performance was continuously monitored with online electromyograms (EMG) recorded from extensor digitorum communis muscle (EDC) for middle finger extension and abductor pollicis brevis muscle (APB) for thumb opposition. Verbal instruction was given to the subjects as necessary whenever their performance was found to be poor. One recording session typically lasted about 3 rain and 5 min for the rapid and slow motor tasks, respectively, and was repeated two to three times, with an intermission of a few minutes between sessions for each task.
Data acquisition and analysis
Continuous electroencephalograms were recorded from 28-32 subdural electrodes simultaneously, all referenced to a scalp electrode placed on the mastoid process contralateral to the side of subdural electrode implantation. The EMGs from EDC and APB were recorded by a pair of shallow cup electrodes placed approximately 3 cm apart over each corresponding muscle. The bandpass filters applied for EEG and EMG were 0.03-120 Hz and 5-120 Hz, respectively. A 60-Hz notch filter was used in all channels throughout the data acquisition. All of the electrographic output signals were digitized at a sampling rate of 500 Hz/channel and stored on magneto-optical disks with a digital EEG machine (EEG2100; Nihon-Koden, Tokyo). No significant artifact due to eye movements was seen at any of the subdural electrodes. Trials associated with movements that were not brisk enough to identify a clear EMG onset were excluded from subsequent, offline analysis. After carefully marking the EMG onset of each brisk movement by offiine visual identification, we averaged the artifact-free EEG segments time-locked to the EMG onset. A total of more than 80 trials were selected for each of the slow and rapid motor tasks. For each subject, two ensemble-averaged electroencephalograms were obtained for each condition. Each average covered a time window between 300 ms before and 200 ms after the EMG onset. The activity during the first 100-ms segment of the analysis window was defined as the level of the baseline activity. The presence of slow response in each channel was determined with the aid of a linear regression line. The regression line was calculated from a period that started just when the averaged signal exceeded the range of the resting activity and ended at the peak of the slow response. The intersection of the regression line with the baseline was used as the calculated onset (Nagamine et al. 1996) . When the linear regression line did not fit well with the actual waveform, the final determination of the onset was done visually.
The absolute values of the deflection from the baseline were measured at the EMG onset (premovement) and at the maximal peak after the EMG onset (postmovement). Mean amplitude of slow potentials among electrodes, at which those potentials were recognized, in each area under each condition for each subject are shown in Table 2 . Since it was found difficult to compare statistically the amplitude of premovement slow shifts among different subjects, we compared the number of electrodes at which slow potential shifts were recognized with the aid of a linear regression line (Table 3) . In order to clarify the different behavior of the mesial (pre-SMA and SMA proper) and lateral (MI and SI) electrode groups under different movement rates, we applied the Z2-test to the number of electrodes for statistical evaluation in these two groups.
Results
Patient 1
Negative potential shifts before the EMG onset were clearly seen in the pre-SMA (electrodes 1-4) in the slowrate condition, but not in the rapid-rate condition (Fig. 1) . In the SMA proper (electrode 5), there was no potential shift before the EMG onset in either condition. After the EMG onset, potential shifts were seen in both the pre-SMA and the SMA proper only in the slow-rate condition. No apparent potential shift was seen at any electrode in the rapid-rate condition.
Patient 2
There were no clear potential shifts before the EMG onset either in the SMA proper or pre-SMA (electrodes 1-3; Fig. 2 ). After the EMG onset, there were clear negative potential shifts in the pre-SMA (electrode 1) in the slow-rate condition. In the SMA proper (electrodes 2 and 3), there was a clear potential change after the EMG onset in the slow task and also in the rapid task with much smaller amplitude.
The SI area (electrodes 9-12) showed clear negative potential shifts before and after the EMG onset in both the slow and rapid rates of movement. These potential shifts started earlier in the rapid-rate condition (-199_+18 ms) than in the slow (-134_+69 ms). The mean amplitudes of the premovement potential shift, calculated at the EMG onset at the electrodes of each area, were larger in the rapid-rate condition (21.3_+8.4 ~V) than in the slow (15.2_+6.4 pV). The MI area (electrodes 4-8) showed potential shifts also in both conditions. These potential shifts also started earlier in the rapid (-168_+67 ms) than in the slow-rate condition (-138_+ 74 ms). Moreover, they were much larger in the rapid (25.9-+16.4 pV) than in the slow-rate condition (9.5+5.7 pV; Table 2 ). As for the postmovement activity, there was a negative deflection in the MI (electrodes 4, 5) peaking at about 100 ms after the EMG onset in the rapid-rate movement. At a similar latency, the SI (electrode 9) showed a positive deflection. These two peaks formed phase reversal at that latency.
Patient 3
In the SMA proper (electrodes 1 and 2), positive potential shifts before the EMG onset were seen in the slow-rate condition (Fig. 3) . In the rapid-rate condition, no clear potentials were observed throughout the analysis window.
Larger positive potential shifts were recognized in the SI before and after the EMG onset, regardless of its movement rate (electrodes 3-6). The amplitudes measured at the EMG onset were 8.6+3.4 and 5.5-+3.8 pV for the slow and rapid rate, respectively (Table 2 ). In the SI, there was no apparent difference in the potential shifts between the slow and rapid rate.
Patient 4
In the slow-rate condition, negative potential shifts were seen before the EMG onset in the pre-SMA (electrodes 1-4) and the SMA proper (electrodes 5-8; Fig. 4 ). These potentials remained until the end of the analysis time window (+200 ms). In the rapid rate, there was no potential change before the EMG onset in either the SMA proper or the pre-SMA, while, after the EMG onset, positive shifts were seen only in the SMA proper (electrode 6). The pre-SMA showed no potentials with the rapid rate.
In the MI area (electrode 9), there was a small negative potential change before the EMG onset in the slow rate, but not in the rapid rate (Fig. 4) . After the EMG onset, there was a clear negative potential shift at this area in both the slow and rapid-rate conditions. The SI area (electrodes 10-14) showed positive potential shifts around the EMG onset in the slow and rapid rate, with an amplitude of 6.9+7.8 and 9.0+5.6 ~V, respectively. These potential shifts started earlier in the rapid rate (-177_+28 ms) than in the slow (-157+41 ms). As for the postmovement activity in the rapid rate of movement, there was a negative deflection in the MI (electrode 9) peaking at about 100 ms after the EMG onset. At a similar latency, the SI (electrode 10) showed a positive deflection. These two peaks formed the phase reversal at that latency.
The absolute values of premovement deflection in the pre-SMA were larger in the slow repetition-rate task than in the rapid-rate task in all three subjects in whom this area was studied (Table 2 ). In the SMA proper, a similar tendency was seen in two of four subjects. As for the SI-MI, no special tendency was seen in the absolute values of deflection. Table 3 summarizes the number of electrodes at which slow potential shifts were recognized, in each cortical area for each subject. There was no electrode in the pre-SMA that showed premovement potential shift in the rapid-rate task (0/9). The pre-SMA showed negative potential deflection only in the slow repetition rate in two out of three subjects in whom this area was studied (8/9). After the EMG onset (postmovement), all electrodes in the pre-SMA showed negative potentials in the slow rate (9/9), but this area rarely showed potential changes in the rapid rate (1/9).
By contrast, the SMA proper showed variable responses among subjects before the EMG onset in the slow-rate condition (6/9). In two subjects (patients 1 and 2), there was no premovement potential. It showed negative potentials in one subject (patient 4) and positive in the remaining subject (patient 3). After the EMG onset, however, all the electrodes in the SMA proper showed potential shifts in the slow rate (9/9); negative potentials in two subjects (patients 1 and 2), and positive ones in the other two (patients 3 and 4). In the rapid rate, potential shifts were rarely seen before the EMG onset in the SMA proper (1/9). After the EMG onset, however, potential shifts were seen in two subjects (4/9); negative potential in one (patient 2) and positive in the other (patient 4).
In the MI, most electrodes showed potential shifts before the EMG onset regardless of the rate of movement task (5/6 for the slow and 4/6 for the rapid rate), and so did the electrodes in the SI (11/13 for both the slow and rapid rates). After the EMG onset, all electrodes in the MI showed potential shifts both in the slow and rapid rates (6/6 for both rates). Almost all electrodes in the SI also showed potential shifts after the EMG onset (12/13 for both rates).
In summary, the ~2 test showed (P<0.01) that, in the mesial area (pre-SMA and SMA proper), a significantly larger number of electrodes showed premovement potential shifts in the slow rate (14/18) than in the rapid rate (1/18), while, in the lateral area (MI and SI), no significant difference was found between two different rates (16/19 vs 5/19). As for the postmovement, a similar tendency was revealed by ~2 (P<0.05). The electrodes in the mesial area showed different behavior between slow and rapid rates (18/18 vs 5/18), while those in the lateral area did not (18/19 vs 18/19).
Discussion
The present study showed a clear difference in the occurrence of MRCPs among the pre-SMA, SMA proper, and SI-MI. The former two areas often showed MRCPs only with the stow-rate movement, whereas the latter area showed MRCPs regardless of the movement rate (Table 3) . In other words, the pre-SMA in particular and the SMA proper to a lesser degree were electrophysiologically more active in association with the slow-rate movement than with the rapid-rate movement. By contrast, the SI-MI was active regardless of the movement rate. Some previous studies, by using functional neuroimaging techniques, have demonstrated that not only the SMA but also the SI-MI plays an important role in the initiation of voluntary movement (Fox et al. 1985; Shibasaki et al. 1993) . Sadato et al. (1996a Sadato et al. ( , 1996b have examined the frequency-dependent changes of regional cerebral blood flow (rCBF) by positron emission tomography (PET). The "posterior part of SMA" (SMA proper) showed highest activation at the very slow rates (0.25 Hz and 0.5 Hz) but no significant activation at faster rates (3 Hz and 4 Hz). The SI-MI contralateral to the movement showed increasing activation with the movement rate up to 2.5 Hz; the ipsilateral cerebellum showed similar changes. These findings are in conformity with 169 the present electrophysiological data, although those authors did not distinguish the "anterior part of SMA" (pre-SMA). Jenkins et al. (1997) have employed ballistic joystick movement as the motor task and have compared the effects of ten different rates of the auditory cue signal (1 tone per 1-5.5 s). They show a significant ratedependent increase in rCBF in the contralateral SI-MI, lateral premotor cortex of both hemispheres, posterior SMA, and ipsilateral cerebellum, whereas the striatum and the dorsal prefrontal cortex are activated independent of the movement rate. They have suggested that the former four areas may be related to phasic activity, and that the latter two areas may be more closely related to continuous activity. However, their study was much different from our task in that their task involved activation of multiple muscles, and eventually the movement itself was much larger. They found a rate-dependent rCBF increase in the SMA behind the VAC line, but not in the area anterior to the VAC line. Schlaug et al. (1996) have employed continuous index finger flexion-extension at the metacarpophalangeat joint at a rate of 1 Hz, 2 Hz, or 3 Hz and concluded that the SMA proper shows an increase in MR signal for three different rates of finger movement with a linear effect of rate. By contrast, there is no significant increase along with the rate change in the pre-SMA. Functional MRI (fMRI) uses rCBF as an indirect index of neuronal activity, based on the assumption that rCBF change is in parallel with the neuronal electrical activity. Although fMRI may be able to indicate the active areas closely related to some tasks, the results may reflect the summation of elevated neuronal activity throughout the task period. In other words, fMRI can hardly detect the activity time-locked to the phasic movements because of its limited temporal resolution. Thus, the different results between neuroimaging and electrophysiological approaches may be due to different sensitivity for the regional activity in steady state and phasic activation.
In addition, these functional neuroimaging studies have an inevitable problem related to the experimental paradigms. The difference in the total number of movements during the scanning period might contribute more to the changes in rCBF than the effect of the different movement rate itself. In strong contrast to this, in order to exclude the influence of the total number of movements, we averaged nearly the same number of trials for both slow and rapid-rate tasks in the present study.
The SMA consists of two distinct areas: the SMA proper and the pre-SMA (Luppino et al. 1993) . In the present study, the pre-SMA showed a clear waveform of MRCPs only with the slow-rate movement task, whereas the SMA proper showed variable responses among different subjects. First, this difference between the two subdivisions of SMA may be related to the functional difference between these two areas. It was shown by our previous studies that the pre-SMA generates MRCPs regardless of the site of movements (Yazawa et al. 1997 (Yazawa et al. , 1998 , while the SMA proper generates MRCPs in ac-cordance with its somatotopy (Ikeda et al. 1992) . It is therefore postulated that the activity of the SMA proper seems closely related to the site of movement, while the activity of the pre-SMA may be involved in preparatory process irrespective of the site of movement. In addition, some animal experiments have indicated that the pre-SMA is functionally segregated from the SMA proper (Halsband et al. 1994) . Neurons in the pre-SMA frequently show preparatory activity, whereas neurons in the SMA proper more often show phasic activities timelocked to individual movements (Matsuzaka et al. 1992 ). Tanji and Shima (1994) have found that the caudal part of the SMA contains two types of cells. One group is preferentially active in relation to a particular order of forthcoming movements, while the other is preferentially active during the interval between two specific movements. Furthermore, it has been shown recently in primates that the pre-SMA has a rich connection to the SMA proper but not directly to the MI, whereas the SMA proper has a rich connection to the MI (Luppino et al. 1993; Tanji 1994) . The SMA proper also has a direct projection to the anterior horn cells of the spinal cord, while the pre-SMA does not (Wiesendanger 1986; Dum and Strick 1996; Rizzolatti et al. 1996; Wise 1996) . Such functional and structural differences between these two subregions may be represented as the different occurrence of MRCPs in the present study. Furthermore, it is noteworthy that the total number of positive results in the SMA proper was in between the pre-SMA and the SI-MI (Table 3 ). This fact may be related to the intermediate character of the SMA proper function between the pre-SMA and the SI-MI.
Secondly, the difficulty in classifying these two areas according to the anatomical and functional data should be taken into consideration. Allison et al. (1996) have failed to find any evidence for the existence of the pre-SMA in the human mesial frontal lobe by cortical stimulation. In a series of studies recording directly from the cortex, including either the pre-SMA or the SMA proper, it seems difficult to identify precisely, just by the MRCP recording, the area that shows a negative motor response to cortical stimulation and thus serves as a landmark indicating the border between the SMA proper and the pre-SMA (Neshige et al. 1988; Sakamoto et al. 1991; Ikeda et al. 1992 Ikeda et al. , 1993 Ikeda et al. , 1995a Ikeda et al. , 1995b . Even in those reports, MRCP is not always identified in the region where clear negative motor response is elicited by cortical stimulation. Furthermore, as the present study adopted a short time window, it might have missed the slower potential shifts, especially in the slow-rate task. In fact, with a longer time window (from 2.8 s before to 1.2 s after the movement onset), we identified the slower potential changes in the SMA (electrode 5 of patient 1; electrodes 1-3 of patient 2, in Yazawa et al. 1998) .
As for the postmovement activity in the rapid-rate movement, the different characteristics were clearly shown between the SI and MI in two subjects (patients 2, 4). As bipolar field components are generally induced by tangential sources (Scherg and Picton 1991) , this component of a positive potential in the SI and a negative potential in the M! may be produced by a tangential source in the central sulcus. Electrode 11 (SI) in patient 2 showed a negative deflection like other MI electrodes. This could be explained by the relative position of that electrode with respect to the dipole over the central sulcus (Ikeda et al. 1992) . According to the similarity in terms of the potential distribution and peak latency, it may also correspond to the post-MP (postmovement peak) revealed by a noninvasive study (Gerloff et al. 1997) . From the temporal and topographic data and the known anatomy of the central region, Gerloff et al. (1997) proposed that the post-MP is predominantly produced in the primary sensory cortex. If this is the case, this peak may reflect (re-)afferent volleys in rapid movement execution.
In several functional neuroimaging studies, the ipsilateral cerebellum, like the SI-MI region, showed increasing activation with an increase in movement complexity and rate (Sadato et al. 1996a (Sadato et al. , 1996b Jenkins et al. 1997) . The cerebellum may take over the main role of SMA for control of voluntary rapid, rhythmic movement. The lateral region of the cerebellum is critically involved in the operation of a timing process, while the medial region is associated with the implementation or ongoing regulation of a motor response (Ivry et al. 1988) . Taken together, the above findings suggest the following notion: With the conventional slow rate of movement, the SMA is activated to prepare the initiation of each movement, but once the rapid-rate movement starts and the movement becomes steady, the SMA, especially the pre-SMA, may no longer play a special role in the initiation of each motor procedure, while the SI-MI still continues to be essential for the motor execution. Catalan et al. (1998) have shown that the premotor area, posterior parietal area, and precuneus showed an increase in rCBF related only to the length of the motor sequences, without any change from rest to simple repetitive movement. After overlearning of motor sequences, internal preparation is needed to perform the sequential movements from memory or internal representation. Moreover, animal studies have shown that overlearning of a simple motor task gradually decreases the activity of SMA neurons, while a subsequent lesion in the MI causes a reactivation of the same cells (Aizawa et al. 1991) .
There remain some unsolved methodological problems in the present study. First of all, a weak point lies in the relatively small number of subjects studied. This is mainly due to the strict criteria adopted for selecting the candidates for surgical treatment of intractable partial epilepsy. Especially in the present study, we selected the patients who underwent chronic subdural electrode implantation over the mesial wall of the frontal lobe. The possibility that the MRCPs observed in the present subjects were modified by the lesion cannot be completely excluded. Additional observation in more patients without structural lesions would be helpful, if possible.
Secondly, with regard to the negative result in the present study, the absence or rarity of MRCPs may be due to the methodological limitation of the direct recording with subdural electrodes such as limited coverage of the cortical surface.
Thirdly, determination of the proper baseline for measuring the steady state MRCPs is not yet established. In fact, the DC level could not be determined in the present rapid-rate movement task. However, this was not our primary concern in this particular study; our interest lay mainly in the elucidation of phasic events occurring just around the movement onset.
